Objectives: To measure the relationship between quercetin and naringenin intakes as estimated by food frequency questionnaire (FFQ), and the urinary excretion of quercetin and naringenin aglycones after their enzymatic hydrolysis in human volunteers. Subjects and methods: Volunteers were recruited via the Human Nutrition Unit volunteer databank at the Institute of Food Research, Norwich. Sixty-three volunteers were recruited into the study, of which 14 were excluded and 49 completed the study. A modified FFQ was developed and used to estimate daily intake of quercetin and naringenin in 49 healthy volunteers who also provided five 24-h urine samples over a 2-week period. Urinary excretion of quercetin and naringenin metabolites was determined by solid-phase extraction and high-pressure liquid chromatography. 
Introduction
Flavonoids are water-soluble polyphenolic compounds found in many fruits and vegetables in the human diet. There is a considerable interest in the possibility that flavonoids function as natural anticarcinogens, but their true biological significance remains controversial (Nijveldt et al., 2001; Arts and Hollman, 2005; Lin et al., 2006) . For example, a Finnish study involving 10 000 men and women with a 24-year follow-up found an inverse relationship between the intake of flavonoid and lung cancer (Knekt et al., 1997) . Similar findings were observed in Hawaii where a high intake of apples, onions and white grapefruit, rich sources of flavonoids was associated with a 40-50% reduction in the incidence of lung cancer (Le Marchand et al., 2000) . Epidemiological studies suggest ingestion of green tea, a rich source of quercetin among other flavonoids, may reduce the risk of oesophageal cancer (Gao et al., 1994; Sun et al., 2002) . Naringenin, a bioflavonoid, found in citrus fruits, has anti-oestrogen properties and may be responsible for the decreased incidence of breast cancer in women consuming a large amount of these fruits (Adlercreutz et al., 1992) . It is clear that further large-scale observational studies are needed to explore these potentially important effects, but the accurate measurement of flavonoid intake in human populations is notoriously difficult.
Food frequency questionnaires (FFQs) are widely used as tools in epidemiological research. They have great advantages over other methods of dietary assessment in the sense that they are cost-effective and can be used in large populations with relative ease and they facilitate repeat assessments. In previous studies, investigators have used a number of different techniques to measure fruit and vegetable intake, including 24-h recalls food diaries and FFQs, and shown that each has its own combination of advantages and drawbacks (Crawford et al., 1994; Thompson and Byers, 1994; Block, 1998) . Twenty-four-hour recalls are expensive, mainly because of administrative time associated with the need to obtain multiple recalls. Also there are literacy demands associated with the estimation of portion size (Thompson and Byers, 1994) , which may limit the range of population groups to which they can be applied. Food diaries have similar disadvantages and may lead to overreporting (Willett, 1998) . Also, it is widely recognized that self-reporting of individual food items leads to measurement errors and FFQs are probably less reliable than other dietary recall methods. For example, Michels et al. (2004) used both a FFQ and a 7-day diet diary to correlate fruit and vegetable intake with plasma vitamin C levels. They found similar associations of relative intake with plasma vitamin C, but absolute estimation by the two methods differed. Day et al. (2001) found a 7-day diary to have a better estimate of average intake as compared to FFQ.
Measurement errors in FFQs may lead to underestimation of causative or protective risks, and reducing these errors is important. By modifying a standard FFQ, it is possible to assess individual diets with respect to particular components such as the intake of particular micronutrients or phytochemicals. However such 'tailoring' of a FFQ needs to be validated by using it to estimate intake of the target compound, and then determining the correlation between the data obtained and an objective biomarker of exposure such as urinary excretion of the compound under investigation or its metabolites. Here, we describe a tailored FFQ suitable for the estimation of the absolute level of intake of flavonoids quercetin and naringenin, and report the relationship between the estimated intake of these compounds and their urinary excretion. A good correlation between dietary intakes of these flavonoids as estimated from the FFQ and their urinary excretion would strongly support the use of FFQs for this purpose in epidemiological studies. Some controversy exists over whether or not it is necessary to include an estimate of portion sizes in a FFQ. In principle, such estimates seem probably to increase the precision of estimated food intakes, but it is not clear how accurately portion size is estimated by subjects, and the added complexity of the questionnaire may reduce compliance. As part of the present study, we have addressed the question of whether or not inclusion of portion size influenced the accuracy with which flavonoid intake was assessed.
Materials and methods
Volunteers were recruited via the Human Nutrition Unit volunteer databank at the Institute of Food Research, Norwich, and through advertisements within the local research institutes and hospitals. Written and informed consent was obtained from volunteers before recruiting them into the study, all were assigned an anonymous code, and personal information was kept confidential. Volunteers were healthy non-smokers, none were taking long-term medications and a mid-stream urine sample was screened for any signs of biochemical abnormality. The study was approved by Norfolk and Norwich Research Ethics Committee.
Estimation of intake by FFQ On recruitment, each volunteer was allowed a period of 2 weeks to manually complete a FFQ, specifically tailored for use in this study. The original questionnaire (Lloyd et al., 1993; Gee et al., 1999) specified 185 foods, divided into 16 major categories, namely meats, vegetables, pasta and rice, cheese and cheese dishes, fish, fats, dairy products, eggs, cakes, biscuits and puddings, breakfast cereals, bread, chocolate and sweets, alcohol and other beverages, fruit, nuts and other foods. For the purpose of the present study, the categories were retained but, to minimize the number of questions and at the same time acquire sufficient information on individual fruits and vegetables some foods with very similar macronutrient content, particularly in the meat section, were grouped together. For example, cuts of the same type of meat were grouped, as were similar cold meats, provided their macronutrient content was comparable, reducing the questions in this section by 35%. Also, some previously combined fruits and vegetables were split up due to their widely differing flavonoid content. For example, 'salad vegetables' were individually itemized, and particular attention was paid to gain accurate information on the intake of flavonoid-rich items such as onions, tomatoes, apples, citrus fruits, and beverages such as red wine and tea. Overall, this reduced the number of specified foods to 159. Volunteers were instructed to base their estimated frequency of consumption on recall over the past year. Each response was divided into six standard replies: 'three or more per day, '1-2 a day', '4-6 times a week', '1-3 times a week', '1-3 times a month' and 'rarely or never' (Table 1) . Volunteers were asked to assess portion size (small, medium or large) with the aid of a series of colour photographs of medium portions, on a standard dinner plate with cutlery alongside. Table 2 lists the major flavonoid-containing foods itemized in the FFQ, and indicates their quercetin and naringenin content (total glycosides and aglycones) as derived from the USDA database (United States Department of Agriculture, 2006) . However, within the study group, the relative contribution of any particular food to total flavonoid intake will vary according to individual dietary preferences and the amounts consumed.
Data from individual FFQs were entered into a purposewritten database (Biro and Gee, in preparation) using Microsoft Access software. The program contained algorithms to calculate nutrient intake, based on food composition tables (McCance and Widdowson, 2002) , and quercetin and naringenin content (USDA database, 2006) . Intakes of both nutrients and non-nutrients were adjusted for the recorded frequency of consumption and portion size. The output from the programme was exported to a Microsoft Excel spreadsheet and subjected to statistical analysis using STATA 8.3 SE (Statacorp, TX, USA).
Urine collections
Volunteers were provided with urine sample containers (capacity 2.5 l) to enable them to collect a total of five 24-h urine samples over a period of 2 weeks. Ascorbic acid (1 gm) was pre-weighed into each urine sample container as an antioxidant. Volunteers were asked to start their collections from 0800 hours in the morning and to continue for 24 h. On completion of each collection, samples were brought to the laboratory by the volunteers or collected from their homes on the following day. The urinary volumes were measured, and five 20 ml sub-samples from each collection were frozen immediately after receipt and stored at À201C until analysis. Twenty-four-hour urinary creatinine clearance was used to measure the completeness of the samples.
Extraction and analysis of urinary quercetin and naringenin Flavonoid deconjugation and extraction were based on methods previous described by this laboratory (DuPont et al., 2002 (DuPont et al., , 2004 . Briefly, urine samples (5.0 ml) were added to 5.0 ml of phosphate buffer (0.1 mol/l; pH 6.2) and 10 mg of galangin was added as an internal standard. This sample was The flavonoid study S Ranka et al then hydrolyzed with 50 U b-glucuronidase and 10 U sulfatase (Sigma-Aldrich, Dorset, UK) for 2 h at 371C. Samples were then subjected to solid-phase extraction to remove impurities and to achieve a 20-fold concentration. These samples were taken up in 0.5 ml methanol for high-pressure liquid chromatography (HPLC) analysis (10 ml injected). Standards were used to identify (or eliminate) peaks using HPLC retention times. Quercetin concentrations in urine samples were derived from the HPLC response and compared to a standard curve for this compound peak area. The correlation coefficient between quercetin injection and the peak areas on HPLC was r40.999, (Po0.0001). The same procedure was employed for extraction and quantification of naringenin. The quantities of quercetin and naringenin appearing in a test sample hydrolyzed over time confirmed that hydrolysis reached completion (curve approached asymptote) within 3 h. Hence this incubation period was used for all test samples. Intraday method precision and accuracy were evaluated by analysis of replicate-spiked urine samples. Precision, expressed as the coefficient of variation of the replicate-spiked sample data, was o10% for both analytes. Accuracy, expressed as the difference between the expected concentrations and the mean determined concentrations, were o7% for both analytes. Recoveries of internal standard (galangin) were 85.871.0% (mean7s.d.).
Results
Sixty-three volunteers were recruited, of whom 14 were excluded due to various exclusion criteria including body mass index (BMI) o18.5 or 430, long-term illness requiring active treatment or abnormal urine analysis indicative of active illness. Among the 49 volunteers who participated, the mean age was 60 years (range: 40-85). The male to female ratio was 1:1.3, and the average BMI was 26 kg/m 2 (range: 19-30). The flavonoid study S Ranka et al
Estimated nutrient intakes
Details of average energy consumption and intake of major macronutrients, fibre, selected minerals and vitamins are given in Table 3 .
Relationship between estimated flavonoid intakes and urinary excretion
The average 24 h ingestion of quercetin and naringenin estimated from FFQ with inclusion of portion size was 29 mg The correlations between the estimated intakes of quercetin and naringenin calculated from the FFQ, with and without portion size, were 0.856 (95% CI: 0.758-0.917) and 0.926 (95% CI: 0.872-0.958), respectively. Tests of equality of the two correlation coefficients drawn from the two different samples indicated no statistically significant differences due to inclusion or exclusion of portion size for either quercetin (P ¼ 0.1192) or naringenin (P ¼ 0.6378). The flavonoid study S Ranka et al
Discussion
Although there is much interest in the biological effects of flavonoids and their possible role as protective factors against chronic disease, a full evaluation is hampered by the difficulty of accurately assessing flavonoid intake in epidemiological research. In the present study, we have explored the feasibility of using a FFQ as a tool for measuring food intakes in healthy free-living volunteers. Food-frequency questionnaires are cost-effective and can be used to assess diet over longer periods of time (Resnicow et al., 2000; Newby et al., 2003) , but they are widely thought to be less accurate than other methods, and relatively unreliable for estimation of absolute intake of nutrients (Larkin et al., 1989; Briefel et al., 1992) . Nevertheless, a crosssectional study by Brunner et al. (2001) comparing a 7-day diet diary and a FFQ with serum cholesteryl ester fatty acid, plasma a-tocopherol and b-carotene found that the FFQ performed relatively well in comparison with the 7-day diet diary.
In the present study, we have developed a specialized questionnaire and database designed to facilitate the accurate assessment of flavonoid intake in the UK population, and compared the estimated intakes of quercetin and naringenin in 49 individuals with their urinary excretion of these compounds. Both of these polyphenols are predominantly absorbed from the small intestine in humans (Crespy et al., 2002) , and their metabolism occurs via a common pathway (Scalbert and Williamson, 2000) . Once absorbed, they are conjugated in the small intestinal mucosa and liver, and then excreted via the biliary or urinary route (Manach et al., 2004) . Young et al. (1999) reported that urinary excretion reflects the absorption of quercetin and was therefore a good marker of its bioavailability. de Vries et al. (1998) also found that urinary flavonoids acted as biomarkers of dietary consumption, and a Finnish study has shown that urinary flavonoids can be used as a biomarker of dietary fruit and vegetable intake with a correlation co-efficient of 0.35, Po0.005 (Nielsen et al., 2002) .
In our study, the average excretions of quercetin and naringenin were 0.20 and 1.4%, respectively, of the estimated intakes. These results are consistent with previous studies that found, depending on the dietary source, that excretion of quercetin (Hollman et al., 1997; Young et al., 1999) was in the range of 0.20-0.50% and that of naringenin in the range of 1-30% of its dietary intake (Ishii et al., 2000; Erlund et al., 2001; Manach et al., 2003 Manach et al., , 2005 . The rather inconsistent data for naringenin excretion and the fact that subjects with low-reported intakes tended to have higher urinary excretions than those with high-reported intakes, presumably reflect interindividual variations that might be metabolic or behavioural. For example, naringenin is concentrated in the septa and outer coverings of citrus fruits, and these parts may be discarded to differing extents by the subjects. Nevertheless, the results showed statistically significant correlation between the intakes of both quercetin and naringenin, as estimated by the FFQ and their urinary excretion over a 24 h period. The present study, therefore, demonstrates that a FFQ can be used as a practical tool to estimate flavonoid ingestion in epidemiological studies.
Our questionnaire represents a compromise in terms of length and ease of use, but other workers will no doubt wish to develop their own FFQs to suit the research problem and the population being studied. A short FFQ has the advantages of clarity and ease of administration but may not provide the same quality of data as a more lengthy questionnaire (Subar et al., 2001) . However, filling in a long FFQ can lead to fatigue and boredom among respondents to the extent that both concentration and accuracy of response are impaired. This has been shown to be true even for a highly motivated cohort, as demonstrated by Willett et al. (1987) in their study of US nurses. Indeed, Warneke et al. (2001) found that a seven-item FFQ correlated more closely to mean total fruit and vegetable consumption than a 31-item FFQ. Thus when formulating a FFQ, our approach was to try to achieve an adequate number of food items with a choice of frequency options ranging from 'never' to consumption several times per day. Defining the options in this way increases clarity and reduces errors compared with open-ended responses where subjects self-report their frequency intake (Subar et al., 1995) .
Controversy also exists over inlusion of estimates of portion size in an FFQ. Block and Hartman (1989) used a reduced dietary questionnaire and required respondents to compare their portion sizes to a standard portion size. Their results suggested that this approach led to estimated values of macronutrients being reduced, whereas those of micronutrients were not. Correlations between the results of the same FFQ, calculated with and without portion size were 0.9 for the nutrients. A Danish study compared FFQ with and without portion sizes with weighted diet records. The mean correlation coefficients for food groups and nutrients changed slightly (Tjonneland et al., 1992) . Clapp et al. (1991) found that replacing reported portion size data with standard portion size data may lead to inconsistent results for the putative roles of specific nutrients in research concerning the relationship between diet and disease. However, a recent study from Germany concluded that inclusion of portion size in FFQs may not confer significant advantages in large epidemiological studies (Noethlings et al., 2003) . Their FFQ included 24 different food items including fruits, vegetables, meat, alcoholic and nonalcoholic drinks, and so on. In the present study, we conclude that portion size, although not statistically significant, gave a higher correlation with flavonoid excretion when included. Hence, we suggest that frequency and portion size should be included in FFQs designed to assess intake of flavonoids, and by extension, other phytochemicals.
To conclude, our study indicates that a FFQ of a length suitable for general use in epidemiological studies, combined with a database derived from currently available data for flavonoid levels in western foods, provides estimates of intake that are significantly correlated with an objective biomarker of dietary exposure to two common food-borne flavonoids. These findings suggest that FFQs can be used as tools to measure the absolute intake of flavonoids and other phytochemicals, in epidemiological and other types of study concerned with their impact on human health.
